This paper reviews the findings of recent research on the formation of solid splats by the impact of thermal spray particles on solid substrates. It discusses methods of describing the substrate, by characterizing both chemical (oxide layers) and physical (surface topography, adsorbed and condensed contaminants) aspects. Recent experiments done to observe impact of thermal spray particle are surveyed and techniques used to photograph particle impact and measure cooling rates described. The use of numerical modeling to simulate impact and deformation of impacting particles is appraised. Two different break-up mechanisms are identified: solidification around the edges of splats; and perforations in the interior of thin liquid films created by droplet spreading without solidification. These two modes can be reproduced in numerical models by varying the value of thermal contact resistance between the splat and substrate. A simple criterion to predict the final splat shape is presented.
Introduction
Coatings adhesion strength is a very important property: a coating will never protect a substrate if it does not adhere to it! Three different adhesion mechanisms are generally considered: diffusion, chemical, and mechanical ( Ref 1) . Diffusion adhesion of metals and alloys only occurs when the temperature during coating application is sufficiently high (diffusion coefficients vary as expðÀE A =kTÞ where E A is an activation energy, T the absolute temperature, and k the Boltzmann constant) and no oxide layer exists at the surface. For diffusion to occur the oxide layer on the substrate must be destroyed with a reverse transferred arc in a soft vacuum (Ref 2) and the substrate kept at sufficiently high temperature. In a cold spray process, the first particles hitting the surface do not adhere immediately: rather, there is an induction period during which impacting particles clean and deform the surface and partially remove the oxide layer on the substrate surface. For this to occur, particle velocities must be higher than a critical velocity, v c (Ref 3).
Chemical adhesion requires that the impacting droplet melt the substrate and a chemical compound of both liquids exists. For example, when Mo particles impact on steel, the melting temperature and effusivity (defined as e f ¼ ffiffiffiffiffiffiffi ffi qcj p ) of the Mo droplet are higher than those of the steel substrate, which melts and reacts to form a chemical compound, MoFe 2 . A chemical reaction also occurs when an iron particle impacts on an aluminum alloy substrate preheated to over 400 K where probably the thin alumina layer is melted or eroded and, as has been observed (Ref 4), a thin FeAl 2 O 4 layer is formed between the splat and substrate. Even if the substrate is not melted upon impact, the high temperature induced in the substrate oxide layer can greatly promote adhesion. For example, Ref 5 , at the interface between a YSZ splat and a 304L stainless steel substrate a 20-to 30-nm-thick oxide layer is found extending uniformly over the length of the splat cross section. The whole splat is in excellent contact with the substrate, except where cracks in the splat intersect with the substrate. The interface oxide layer includes elements from both the ceramic splat (Zr) and the substrate (Cr, Fe), as determined by EDS using a sufficiently small beam spot size. The relatively thick oxide layer grew during substrate preheating to~450°C carried out in the ambient atmosphere. The heat transferred from the molten ceramic droplet is sufficient to allow zirconia cations to diffuse into the oxide layer.
Mechanical adhesion takes place when the substrate is roughened, for example by grit blasting. Splats on the surface shrink while cooling and adhere to the surface because of the frictional force that develops (Ref 6, 7) . This adhesion depends both on the amplitude of roughness, often characterized by the distance between the highest peak and the deepest undercut (R t ), and on the spacing between peaks and valleys. Bahbou and Nylen (Ref 7) have established that a good correlation exists between the adhesion strength of NiAl (5 wt.%) coatings on a Ti-6Al-4V substrate, and the root mean square roughness value R Dq of the substrate, which takes into account both the amplitude and spacing of peaks. The correlation is rather poor when variables such as R a , R t , or the peak spacing are considered individually.
The presence of adsorbed contaminants on the substrate may also affect the strength of adhesion. Upon impact the molten particle evaporates adsorbates and condensates on the substrate very rapidly (in a few hundreds of nanoseconds) raising the pressure under the flattening particle and decreasing its contact with the substrate (Ref 8) . Preheating the grit blasted surface before spraying removes adsorbates and condensates and improves coating adhesion by a factor of [2] [3] [4] 9) . Thus, the adhesion and cohesion strengths of coatings, as well as other thermomechanical properties, are strongly linked to the quality of contact between splats and the substrate or previously deposited coating layers.
The impact and deformation of a single thermal spray particle, which may vary from a few microns to several tens of microns in diameter, to form a solid splat has been investigated in many studies, which were reviewed by Fauchais et al. (Ref 10) . That work emphasized the difficulty of studying impact of particles in a molten state with sizes between 20 and 60 lm and velocities ranging between 50 and 600 m/s. The flattening time of such molten particles is only a few microseconds, and solidification starts before flattening is completed. Analysis is far more complex than in the case of impact of liquid drops, which do not solidify. Experimental measurements, analyzing the very wide range of physical phenomena involved, and development of numerical models all present challenges. Some specific difficulties in each of these areas are given below
Measurements

Development of fast pyrometers (50 ns response time)
to measure the temperature of a single molten droplet prior to-and during flattening. 2. Photographing impacting droplets with a camera triggered by the pyrometer signal. A thermal spray particle takes~1-2 ls to flatten, and in this time most commercially available cameras can capture only one image, with an exposure time lying between a few hundreds of nanoseconds and a few tens of microseconds, and are incapable of recording the entire particle deformation process. 3. Scaling experimental measurements made with millimeter-sized particles to apply them to micrometer-sized thermal spray particles. Large particles are easier to observe as they have flattening times of several milliseconds, and their impact can be photographed with high-speed video cameras that record at speeds up to 10,000 frames per second. However, applying these observations to thermal sprays requires matching the values of all the dimensionless numbers (Re, We, Pe, Ste, Bi) that control impact dynamics, which is rarely possible. 4. Impact on curved substrates is difficult to observe because the limited depth of field of optical systems makes it possible to photograph thermal spray particle impact only on perfectly flat surfaces.
Analyzing Impact Dynamics
1. The particle impact process depends on a very large number of parameters: e.g., droplet material properties, degree of oxidation, diameter, velocity and temperature; substrate thermophysical properties, temperature, roughness. 2. Particle fragmentation during impact may be caused by very different mechanisms:
-Splashing immediately after impact (within the first 100 ns) which is driven by fluid instabilities, before any solidification can take place. -Fragmentation that occurs late during impact, when the particle is completely flattened, in which both flow and solidification phenomena are involved.
3. Particles sprayed onto a substrate held at room temperature form splats that are extensively fragmented; preheating the surface above a critical temperature, known as the transition temperature (T t ) results in disk-shaped splats. T t is much lower than the melting temperatures of either the substrate or of the impacting particle. The transition temperature has been correlated with the vaporization of adsorbates and condensates on the surface and also, under certain circumstances, to the improvement of the droplet wettability on the substrate. Though there is still debate about the meaning of the transition temperature, all experimental studies have shown that the cooling rate on a particle impacting on a surface preheated above T t is up to two orders of magnitude higher than it is on a cold surface. A high cooling rate corresponds to low thermal contact resistance at the interface splat-substrate.
In spite of these new findings, which occurred in the 1990s and at the beginning of the new millennium, mechanisms controlling splat fragmentation upon flattening are not yet clearly understood.
Modeling
Computational fluid mechanics offers a way of simulating thermal spray particle impact and gaining insight into the mechanisms that determine the shape of a splat. However, such a simulation presents many challenges:
Simulating thermal spray particle impact requires solving simultaneously momentum and energy conservation equations, while accounting for phase change within the solidifying droplet. A threedimensional (3D) model is required to simulate droplet splashing or interactions between multiple droplets, which places significant demands on computing facilities. If gas entrapment under splats is to be modeled a two fluid model is required, which includes flows in both the droplet and the ambient atmosphere.
The model must track the free surface of the particle, which undergoes very large and rapid deformation.
Representing boundary conditions realistically is a challenge. We need to specify a contact angle at the liquid-solid contact line and a thermal contact resistance at the interface between the splat and the substrate. Both are difficult to determine experimentally.
Most models that have been developed assume that thermodynamic equilibrium exists and that particles freeze at a well-defined solidification temperature. In reality, the rate of cooling is very high when a particle impacts a surface and there may be significant undercooling.
Results from numerical models are sensitive to fluid properties such as viscosity and surface tension, which are often not well known for materials such as zirconia.
Chemical and Physical Description of Substrates
Metal or alloy surfaces (except gold and platinum) oxidize even without preheating. Since the vast majority of substrates used in thermal spray applications are metallic, unless oxide layers are removed (with a reversed transferred arc under soft vacuum or using laser pulses) before spraying, particle impact typically occurs on an oxide layer.
Oxide Layer Characterization
Many techniques exist and selection of any particular one depends upon the information required. The complete characterization of an oxide layer, either native or formed during substrate preheating, requires using several complementary methods, each of which has specific limitations and domains of utilization . Usually it is most important to determine the oxide layer thickness, its structure and composition, and, if possible, the corresponding composition gradients between the oxide layer top surface and its interface with the substrate.
2.1.1 Oxide Layer Surface. Scanning electron microscopy (SEM) with, if necessary, back scattered electrons to contrast elements (if the difference in their atomic number is at least 3) shows the surface of the oxide layer. This technique requires the surface to be covered with a thin conducting film of evaporated carbon or sputtered gold.
Atomic force microscopy (AFM) allows detailed scanning of a surface, with the resolution of the image obtained depending on the size of probe tip and the surface analyzed. The surface morphology is typically defined with a precision of about 0.1 to 1 nm. In addition, most AFM devices allow determination of surface roughness parameters (e.g., R a , R t , R Dq , S K ) at the nanoscale.
2.1.2 Oxide Layer Thickness. It is measured by using optical spectroscopy in the UV/visible/near IR wavelength range (200-2500 nm). Interference fringes between light beams reflected from the two interfaces (air-oxide and oxide-metallic substrate) allow determining the oxide layer thickness. Results depend strongly, though, on the roughness of both interfaces and also on the refractive index of the oxide layer, which is frequently not well known. In principle thicknesses between 20 and 5000 nm can be measured, with a precision of ±5 nm. Thus, for most metals, the thickness of native oxides, for example just after polishing, is often impossible to measure.
For iron-based materials, conversion electron Mö ssbauer spectroscopy (CEMS) can be used. The spectra are produced by c radiation from 57 Fe (14.2 keV) obtained by the radioactive disintegration of 57 Co fitted into a nonmagnetic metallic rhodium matrix, in order to obtain monochromatic radiation. The oxide layer thickness is quantitatively determined by following the intensity evolution of the signal due to an austenitic matrix with different oxide layer thicknesses. The decrease of the relative area of the austenitic doublet (RA experimental cÀFe ) can be fitted by an exponential regression. Afterward, grazing x-ray is used to determine the relative percentages of magnetite and hematite.
2.1.3 Oxide Layer Composition.
1. Low-incidence x-ray diffraction pattern allows determination of the oxide composition, with the penetration depth of the x-ray depending on its incidence angle. The thickness analyzed is typically in the micrometer, rather than the nanometer, range. For example, with Cr 2 O 3 an incidence angle of 2°corre-sponds to a penetration depth of 1.1 lm, and an angle of 7°to 3.7 lm. Thus for thin oxide layers (in the tens of nanometers range) the information obtained is often related to the substrate. For example, with Ti-6A-4V the observed peaks at 2°are mainly those of the a phase, which can be linked to oxygen diffusion in the matrix, constituted without oxidation of a and b phases. 2. Infrared spectroscopy can also be used to determine oxide layer composition. The penetration depth of the infrared wave with low-incidence angles is between a few nanometers and a few micrometers. The spectra relative to oxide layers are in the 250-1000 cm À1 wave number range. 3. The atomic components of the oxide layer can be obtained by x-ray photoelectron spectroscopy (XPS) also called electron spectroscopy for chemical analysis (ESCA). The XPS peaks allow both identification of elements and also their oxidation state. XPS can be coupled with secondary-ion mass spectrometry (SIMS). The Xe + ions used in SIMS have low penetration depth and allow cleaning of the surface and determination of the depth at which XPS analysis is performed.
Crystallographic
Structure at the Interface SplatSubstrate. The adhesion of a coating is largely controlled by the structure and properties of the single splatsubstrate interface. Transmission electron microscopy (TEM) is the primary tool for characterization of the effect of varying substrate conditions on the microstructure and adhesion properties of the interface between a splat and the substrate. The main obstacle in using TEM for studying samples of plasma-sprayed materials, especially ceramics, in the past was the difficulty of preparing electron-transparent specimens free of preparation-related artefacts. This problem has been solved by Chraska and King (Ref 5) using a modified wedge-polishing technique for the production of high-quality cross-sectional TEM samples with minimum ion-induced damage and large observable areas.
Oxide Layer Development on Metals or Alloys
2.2.1 General Remarks. When preheating a metal the oxide layer will change in thickness, roughness, and composition, since the metal components diffuse differently and their oxidation rates vary.
Oxide layers at substrate surface after preheating can be classified as being either thin (<50 nm) or thick (>100 nm). Thin layers are, for example, observed on titanium and its alloys: for Ti-6Al-4V, the oxide layer thickness is about 25 nm without any heat treatment and reaches 32 nm when preheated at 250°C (Ref 11) . It is the same with stainless steel 316L: about 10 nm before and 25 nm after preheating at 250°C (Ref 11) . Thick layers are observed for low carbon steels and cast irons: on a substrate of C 0.49-Si 0.19-S 0.02-Mn 0.59-Fe balance (compositions in wt.%) the oxide layer thickness is about 440 nm when preheated at 450°C (Ref 12, 13)! Increasing oxide layer thickness has two effects: a larger temperature drop across the layer and reduced resistance to thermal shock. For example, on low carbon iron or cast iron, the impact of alumina or zirconia particles results in the fracture of the oxide layer in about 30% of impacts (Ref 12) (see Fig. 1 ). However, if the impact of stainless steel particles on 1040 steel does not induce any fracture the coating adhesion strength is reduced by a factor of almost 2 compared to that of coatings deposited on stainless steel substrates preheated under the same conditions. Rupture occurs within the thick hematite layer at the substrate surface for both 1040 steel and low carbon steel.
Effect of Preheating Conditions.
Preheating the substrate over the transition temperature modifies the oxide layer thickness, composition, and roughness. However, as previously emphasized, the thermal history of the substrate has a significant effect on oxide layer thickness, composition, and morphology.
1. When the substrate is preheated in a furnace with a controlled atmosphere, conditions (heating rate, maximum temperature, preheating time, and oxygen partial pressure) are well defined and oxide layers are reproducible. When a surface is heated while exposed to ambient air, the atmosphere in contact with the surface contains di-atomic oxygen and varying amounts of water vapor. Often, contact between the substrate and the resistance heater used to raise its temperature is not perfect, resulting in uneven heating. For all these reasons, the oxide formation is less well controlled. 2. When a spray torch is used to preheat the surface, even if the mean heating rate and final temperature can be well defined, the local temperature varies with the movement of the torch relative to the substrate. The surrounding atmosphere is mainly air at atmospheric pressure and gas temperatures of up to 5000 K can be achieved at spray distances of 70 mm, so the oxygen in contact with substrate surface may be partially or totally atomic oxygen. Energy density (J/m 2 ), which is related to the pulse duration and the number of pulses at the same location.
Position of the focal plane relative to the surface. Absorption coefficient of the surface at the laser wavelength (which depends on the substrate properties, its chemical and physical surface properties, its surface micro-geometry: roughness) and for semi-transparent materials (which is very often the case for oxide layers formed on metallic substrates, especially in the laser 1 lm wavelength range) pores and cracks reducing the material transmittivity.
Surface cleaning by laser (which evaporates adsorbates and condensates) takes place with substrate irradiation as soon as the laser energy density is over a certain threshold (Ref [15] [16] [17] . It is also possible that the laser irradiation removes part of the oxide layer at the surface (Ref 18, 19) if the laser energy density is sufficiently high or if the number of pulses at the same location is increased. Oxide layer elimination requires a much higher energy density than that necessary to withdraw adsorbates and condensates. Oxide removal is due to mismatch between the coefficients of expansion of the oxide layer and the underlying metal, which is heated by laser irradiation through the transparent or semi-transparent thin oxide layer. The effect of the laser pulse is to create craters, as shown in Fig. 2 , at the Ti-6Al-4V substrate surface. The threshold energy is about 10 kJ/m 2 and the largest Reduction of oxide layer thickness by laser treatment was demonstrated when treating Ti-4Al-6V alloy substrates preheated in a furnace in air at 600°C for 15 h, which produced a multilayered, embrittled porous structure. The effect of the laser energy density and number of pulses is shown in Fig. 3 . When comparing Fig. 3(a) and (b), it can be seen that when laser energy density is increased, the craters formed become denser and larger due to more material being ejected (Ref 21) . With multiple shots the irradiated surface becomes smooth, with a periodically varying surface (Fig. 3c) attributed to laserinduced surface melting of the upper layer (Ref 21) . When the number of laser pulses increases to about 20, a ''mudcracked'' morphology is formed on the smooth surface and the surface has a yellowish color, showing the effect of slight oxidation. If more laser pulses are applied, the ''mud-cracked'' morphology becomes more distinct with a brighter yellow color characteristic of the thickening of the laser-induced oxides (Fig. 3d) Fig. 4 , homogeneously distributed oxide grains were characterized on the surfaces of 1040 steel substrates preheated at 573 K. Preheating these substrates at 723 K induced modification in surface topography consisting of plateaus and valleys. The plateaus and valleys observed on substrate surfaces, in Fig. 4 , can be considered as oxide layers on pearlite and ferrite grains, respectively. The oxide grains induce an increase in substrate roughness, but the major Fig. 5 represents the surface topography of 304L stainless steel after polishing at room temperature and preheated at 673 K. The preheated surface with S K~1 presents more peaks than valleys compared to the not-preheated, polished substrate where S K~0 .
When the substrate surface is treated with a laser, average roughness R a and skewness S K vary with energy density and number of pulses as indicated in Table 2 .
2.3.2 Adsorbates and Condensates. A careful study of adsorbates and condensates at the substrate surface has been done by Li and Li (Ref 8) . Often, water is the main component at the surface. Its adsorption on an oxide surface is usually the result of one of three possible mechanisms, or combinations of them, depending on the temperature of the measurement, intrinsic reactivity of the surface, and the number of defect sites at the surface (Ref 27):
1. physisorption of molecular water 2. chemisorptions of molecular water 3. chemisorptions of molecular water followed by dissociation. Physisorption corresponds to very weak interaction between the substrate and adsorbates, while chemisorption is much stronger and may involve partial charge transfer, which more readily leads to dissociation (Ref 27) . Stronger adsorption occurs at steps and defects and new OH y radicals, resulting from dissociation, bond with a surface metal ion.
When the surface is heated adsorbed water species will be desorbed. This desorbtion of the water adsorbates is linked to adsorption features, desorbtion products, surface structural features, and types of surface materials. Physisorbed molecular water is generally completely removed by preheating up to 150°C. However, with chemisorbed water, the thermal desorbtion temperature depends on adsorbed features and the subsequent desorbed product. For most oxide-covered metal surface, it occurs at temperatures ranging from about 127 to 320°C as summarized in the table given in (Ref 8) for several oxides and nominal metal surfaces. The authors (Ref 8) underline that this desorbtion temperature range is in good agreement with the substrate preheating temperatures reported as transition temperature up to now. Therefore, they have studied the effect on splat formation of adsorbing and desorbing organic compounds on a stainless steel surface. They brushed xylene, glycol, and glycerol (Ref 8) on stainless steel substrates and shown that when the preheating temperature exceeded the boiling point of these liquids by 50°C, impacting thermal spray particles formed regular disk splats.
Instead of the substrate temperature change, the effect of desorbtion of adsorbates and condensates on the particle flattening behavior was systematically investigated by Fukumoto et al. (Ref 28) in soft vacuum plasma spraying by reducing the chamber pressure and keeping the substrate at room temperature. Indirect measurements (determination of the pressure below which splats become disk shaped on different materials) have shown that desorbtion probably occurs at pressures between 92 and 26 kPa, depending on substrate material.
Measurements
Difficulties in Measuring Liquid
Particles at Impact 3.1.1 Micrometer-Sized Droplets. There are two major difficulties in studying splat formation under thermal spray conditions:
1. Time: in most cases of plasma and HVOF spraying particle flattening takes a few microseconds and solidification often starts before flattening is completed. 2. Dimensions: a typical particle 30 lm in diameter produces, after flattening, a splat whose diameter is between 60 and 120 lm with thickness of at most a few lm.
Fast two-color pyrometers (50 ns) are now used to measure particle temperature during impact. Signals obtained at two wavelengths, in the range 600-800 nm, allow temperature evolution to be calculated. Temperature measurements of YSZ particles are complicated by the fact that molten zirconia is partially transparent to visible light; emitted radiation is not only from the surface, but also from some depth within, which adds to measurement errors. When considering the thermal radiation at one wavelength, the splat diameter evolution and its cooling rate can be determined. However, to correctly interpret the thermal signal, pictures of the flattening droplet should be taken at different times during flattening. It means that fast cameras should be used with long distance microscopes to see the details of such small objects. As the depth of field is severely limited (about 10 lm) flat and smooth substrates must be considered (R a of 1 lm corresponds to peaks in the 7-8 lm range). Ideally, to capture the entire impact process, images should be taken with intervals of a few tenths of microseconds between them, which is difficult when the fastest video cameras currently available allow recording of 100 consecutive images at 1 million frames per second with exposure times of 500 ns (Ref 29).
3.1.2 Millimeter-Sized Drops. Millimeter-sized drops are easier to observe during impact since flattening times are in the millisecond range and fast cameras up to 10,000 frames/s can be used to follow the particle flattening. However, while metal or alloy drops are relatively easy to produce using a furnace, ceramic materials are much more difficult to melt. 3.2.3 Flattening Visualization. To capture particle flattening, it is first necessary to trigger the camera at the instant of impact, which is rather difficult. Second, only a few particles can be allowed to land in the area under observations (under conventional spray conditions about 10 8 particles/s can impact near the same location). Thus, all measurements require: a low powder flow rate (below 100 g/h); small orifices to direct particles along a welldefined trajectory; and either a water cooled aperture which is opened for a few tenths of seconds or fast scanning by the torch (moving it at 1 m/s). The advantage of using an aperture is that particles with known mean trajectory are collected, while their mean trajectory is unknown when the torch is moved rapidly. Beneath the second orifice, 500 lm in diameter (3 in Fig. 7 ) an optical detector generates a signal when a particle passes through it. A second detector is focused onto the substrate (6 in Fig. 7 ). The temperature evolution of the flattening particle is followed with the two-color pyrometer (11 in Fig. 7 ) while particle impact images are recorded with the HSV camera. The camera is triggered with the detector (5 in Fig. 7) . A typical pyrometer signal, and its coordination with the camera triggering and recording is shown in Fig. 8 . High-speed video images were taken with yttriastabilized zirconia droplets plasma sprayed onto a cold glass plate substrate, where flattening times are relatively long (~5-8 ls) when the substrate is heated flattening times are reduced (~2-3 ls) and multiple images of droplet impact cannot be recorded.
Study of Micrometer Droplets
Photographing Impact: Mehdizadeh et al. (Ref 36) have
developed a set-up to photograph one particle during its flattening in a given time range. Thus varying the time range for different particles, assumed identical at impact (same diameter, temperature, and velocity) it becomes possible to obtain photographs of the flattening at different times. Figure 9 shows a schematic of the experimental apparatus used.
The number of impacting droplets is limited by a V shield followed by two diaphragms with orifices in them. Behind the last orifice is a detector to discern the passage of an in-flight particle. This signal is used to trigger the flash lamp of the Nd: YAG laser, a process that requires a minimum of 150 ls before triggering the Q switch. Thus, the last diaphragm must be far enough from the substrate to leave the particle enough time before landing, according to its velocity. During particle impact on the substrate the pyrometer (previously described in the review of Fauchais et al., Ref 10) measures particle temperature, both in-flight and while flattening. The image of the flattening droplet is taken with a CCD camera coupled to a long range microscope. The CCD camera is operated at 30 frames/s, each frame having an exposure of 33 ms. The laser pulses (20 MJ power and 5 ± 2 ns duration emitted by the Nd:YAG laser) allows getting an image of the flattening particle at a given time: the 5 ns of the laser flash are short enough, compared to the few microseconds of the flattening time, to freeze all motion in the image. The laser flash is triggered by the pyrometer signal level. By varying the time delay, different stages of droplet impact are observed. The contrast is maximized by illuminating particles from the front and photographing them from behind through the glass substrate. Thus, spreading droplets are silhouetted against a bright background. This set-up was also used to study the impact of metal particles (Ref 37) .
Later the system was extended to photograph particles flattening on a metal substrate ( Ref 38) . Figure 10 shows the set-up developed.
Compared to the previous set-up ( Fig. 9 ) no laser flash was used and with the help of two mirrors the electronic shutter of the camera (12 bit CCD camera) was triggered to open by a signal from the D4 sensor, recording the signal from the in-flight particle behind the last diaphragm. The camera shutter was opened for about 500 ls with no added illumination. This produces single, integrated images of the splats at the maximum spread More recently, an analytical, one-dimensional (1D) heat conduction model was developed to determine the thermal contact resistance, in which the liquid splat at its maximum extent was assumed to be a disk transferring heat to the substrate (Ref 40 
Study of Millimeter-Sized Particles
Fauchais et al. (Ref 10) described the experimental setups used to observe impact of millimeter-sized droplets; the only new one, since that review, was presented by Cedelle et al. (Ref 25) . It consists of an inductively coupled RF argon plasma used to melt the tip of either metal or ceramic rods to produce millimeter-sized drops (see Fig. 11 ).
The surface temperature of the flattening drop is followed by a fast (50 ns) two-color pyrometer and the temperature of the substrate surface is measured with a thermocouple according to the method of Heichal and Chandra (Ref 41) . The thermocouple system consists, as shown in Fig. 12 , of two thermoelectric wires connected by a graphite film, providing an electrical contact between the constantan wire and the metallic substrates. The response time of the thermocouple is in the microsecond range and it is calibrated in a furnace. The voltage generated by the thermocouple is recorded with a data acquisition card and analyzed in a computer.
This set-up, assuming that the flattening particle temperature is uniform, allows calculating the evolution of the thermal contact resistance between the flattening particle and substrate provided that the variation of contact area with time is known. This can be measured by recording droplet flattening with a fast camera (5000 frames/s), if we assume that contact is uniform everywhere under the splat.
Experimental Results About Splat Formation
Studies of splats have been done mainly on flat and smooth (R a < 0.05 lm for polished metals or alloys and R a < 0.2 for ceramics) substrates. Spraying was usually performed in an air atmosphere with, in most cases, impacts normal to the substrate. Most of the following discussion will focus on these results, and our present knowledge of impact on rough substrates will be presented only briefly in the last section. No discussion will be devoted to impact splashing occurring during the first few hundreds of nanoseconds following impact. This splashing depends on the Sommerfeld number (K) at impact (Ref 25, 33, 35) and results in the ejection of tiny (some tenths of micrometers) droplets which rise a few millimeters above the substrate, outside the dynamic boundary layer, and are mostly entrained into the plasma flow.
General Remarks
The physical parameters that influence the spreading of a droplet hitting a solid surface include: initial droplet diameter d, impact velocity v d , liquid mass density q, liquid viscosity l, liquid-gas surface tension r, and liquidsolid contact angle h. Combining these into nondimensional groups reduces yields three variables: contact angle (h), Reynolds number (Re), and Weber numbers (We), defined as:
Re is a measure of the droplet inertia to viscous force and We is a measure of inertia to the surface tension force. Typical values at impact during plasma spraying for both Re and We are between 10 4 and 10
5
. The Reynolds number depends indirectly on droplet temperature since droplet viscosity is sensitive to temperature.
The earliest attempts to derive an analytical expressions for the extent of maximum splat spread (D) was by Madejski (Ref 47) and Jones (Ref 48) ; several other models (Ref 49) have been proposed since. All follow a similar energy conservation approach, equating the surface and kinetic energy of the droplet before impact, to the surface energy after impact, while deducting the energy dissipated during impact due to work done in deforming the droplet against viscosity. Droplet impact models predict the spread factor after impact (n = D/d, also known as the flattening ratio), which is in general a function of We, Re, and h. Under typical thermal spray conditions, surface energy is negligible in comparison to kinetic energy, and the spread factor becomes a function of Re alone, and If the droplet is freezing as it spreads, the maximum spread diameter may be reduced. The effect of solidification in restricting droplet spread is modeled by assuming that all the kinetic energy stored in the solidified layer is lost. If s* is the dimensionless solid layer thickness when the droplet has spread to its maximum extent (s* = s/d, where s is the solid layer thickness) the maximum spread factor is (Ref 54):
The growth in thickness of the solidified layer can be calculated using an approximate analytical solution that assumes that heat transfer is by 1D conduction and the substrate is semi-infinite in extent. With these assumptions the dimensionless solidification thickness can be expressed as a function of the Stefan number (Ste = c(T m À T s,i )/H f ), Peclet number (Pe = v d d/a), the thermal properties of the substrate and droplet, and the thermal contact resistance between the droplet and substrate (Ref 54) .
The larger the spread factor (n), the thinner is the resulting splat. As freezing time varies roughly with the reverse of the square of the thickness (Ref 10), thinner splats start solidifying before thicker ones, assuming thermal contact resistance is the same. n increases when the particle impact velocity and/or temperatures are larger.
Particle oxidation in-flight can modify particle behavior at impact. For fully molten particles at impact, Sobolev and Guilemany (Ref 55) have listed phenomena that likely influence upon flattening and solidification: -Flattening of oxidized droplets impinging onto the substrate surface is similar to that of composite powder particles except that, due to splat oxidation, the volume fraction of oxides varies with time. -Oxides developed during particle flight play an important role in droplet flattening and splat-substrate interaction. Oxidation also occurs at the upper liquid surface of the solidifying splat. -Oxidation decreases the pressure developed during droplet impact which is detrimental to obtaining good contact between the substrate and splat. -A decrease in the liquid-solid contact angle, which improves wetting of the substrate by the splat, leads to a decrease in splat thickness and an increase in splat radius that reinforces splat-substrate adhesive bonding. Influence of wetting on the flattening process decreases with an increase in the velocity of the droplet impingement onto the substrate surface and a decrease in the substrate initial temperature.
Deshpande et al. (Ref 56) have also studied the effect of in-flight oxidation of Ni-5Al coatings sprayed by different techniques and proposed schematic models for describing the various probable mechanisms occurring.
They showed that in-flight oxidation can lead to an oxide shell at the periphery of the particle, which splashes upon impact and results in a coating microstructure with distributed chunks of oxide and splats separated by oxide bands. It is thus very important to control in-flight oxidation, for example by using gas shrouds (Ref 13, 57) . Of course, the best solution is to spray in a controlled atmosphere.
In spite of the large number of parameters discussed in the studies reviewed above, several important variables have not been considered, including substrate oxide layer thickness, composition, roughness, and degree of particle oxidation (both surface and internal).
Examples of New Results
Obtained at Impact (Ref 10, 28, 58) have pointed out that, of all the different particle/substrate interface parameters, substrate temperature, and ambient pressure most significantly affect the flattening behavior of sprayed particles. Experiments have shown that when the substrate temperature is increased, the splat shapes of most materials sprayed onto flat substrates undergoes a transition from a distorted shape with splashes to a disk shape. This change occurs over a narrow temperature range, and Fukumoto et al. (Ref 59) have defined the transition temperature, T t , as a critical substrate temperature over which more than 50% of splats are disk shaped. Figure 13 shows how the fraction of disk splats varies with substrate temperature for Ni particles sprayed on a AISI304 stainless steel substrate, and how the transition temperature is defined. oxides (Al 2 O 3 , TiO 2 , and YSZ) on AISI304 stainless steel between 318 and 610 K. These temperatures are much less than particle and substrate melting temperatures. Similar results have been obtained for different sprayed materials (cast iron, low carbon iron, amorphous steel, nickel, nickel-based alloys (Ni-Cr, Ni-Al), aluminum, tin, copper, lead, molybdenum, titanium alloy (TA6V), alumina, titania, alumina-titania, and YSZ hydroxyapatite) and substrates (AISI304 stainless steel, gold, Al-Si-Cu, 1040 low carbon steel, copper, titanium alloy (TA6V), inconel, glass, YSZ) (Ref 4, 5, 13, 25, 26, 28, 30, 37, 40, 43, 52, 56,  60-66) .
In most studies, splat morphologies were determined after their formation, though fast pyrometry was used in some experiments. The interpretation of the time evolution of the pyrometer signal, especially during the flattening phase, was far from straightforward (see the review, Ref 10) without photographing the particle at different times, as is now possible (Ref 37, 38) . Even if pictures are recorded at different times for different particles, while the pyrometer signal is obtained for the same particle (see ''Photographing Impact'' section), the trends observed allow interpretation of the pyrometer signals. Pyrometry, combined with photography, has shown that on cold substrates, below the transition temperature, Mo, Ni, YSZ, and amorphous steel particles sprayed on glass and stainless steel substrates spread to maximum diameters that were much larger than those obtained on preheated surfaces maintained over the transition temperature (Ref 26, 37, 38) . Then, the liquid film breaks up, finally leaving a central solidified core and splashes at the periphery. However in other cases, below the transition temperature, the splat is extensively fingered, but, without photos taken at different times, the way these fingers were produced is difficult to determine.
Cooling rates on surfaces kept at temperatures over T t are much larger than those measured (Ref 10, 25, 26, 37, 38) on substrates maintained below T t , which indicates better splat-substrate contact. This is confirmed by examining the bottom surface of splats, as Fukumoto was the first to do (see Ref 28, 60) and the review, Ref 10) . With preheating over T t , the bottom surface of the splat in good contact with substrate is by far larger than the one obtained when preheating below T t .
Even when a substrate is maintained above T t , splashing may be observed if Reynolds and Weber numbers are sufficiently high. For example, Li et al. (Ref 18) have shown that even when the stainless steel substrate was preheated over the transition temperature, splashing of Cu particles was observed for Re > 50,000.
Some studies have demonstrated the importance, when preheating, of controlling heating rate, time and temperature to obtain oxide layers on metal surfaces with a welldefined composition, thickness, and roughness. For example McDonald et al. (Ref 26) showed that when stainless steel is preheated to 650°C splat splashing is promoted, while when it is only preheated to 350°C diskshaped splats are collected. Their measurements showed that the surface morphology obtained at 650°C is quite different from that at 350°C and measurements of Haure Ref 28) systematically investigated the effect of desorbtion of adsorbates on particle flattening behavior in low-pressure plasma spraying by reducing the ambient pressure, the substrate temperature being kept at room temperature (so that there was no modification of native oxide at the surface). Splat morphologies of metallic particles (Ni, Al, Ti, Cu, Ni-Al, NiCrAlY) sprayed onto stainless steel substrates, obtained below a critical pressure called the transition pressure, P t , were typical of those usually seen on substrates preheated over T t , P t was defined as the pressure below which the fraction of disk splat exceeded 50%. The reduction in ambient pressure diminished the vapor pressure of the adsorbates and probably accelerated vaporization/desorbtion of adsorbates from the surface. The transition pressure distribution for each sprayed material is summarized in Fig. 14 The dependence of the transition temperature on the sprayed material is also shown in Fig. 14, for comparison. The dependence of T t and P t on the particle material is quite similar, indicating that T t and P t have an equivalent effect for desorbtion of adsorbates. Fukumoto et al. (Ref 28) observed that the microstructure of the bottom splat surface change in much the same way when either pressure is reduced or the substrate is heated.
Morks et al. (Ref 67) have studied the effect of chamber pressure on the microstructure of cast iron splats, including oxides and graphite. The microstructure of cast iron splats greatly depends on spray parameters such as substrate temperature, chamber pressure, and spray distance. At low chamber pressures (below 20 kPa), most splats exhibit a disk shape with high flattening ratios, whereas star-shaped splats appear when increasing the chamber pressure. Spraying at high chamber pressures (between 40 and 100 kPa) causes the formation of pores and thick oxide zones at the splat/substrate interface, mainly due to atmospheric gases, which are responsible for a decrease in splat adhesion. Spraying in an argon atmosphere reduces splat oxidation due to a decrease in oxygen partial pressure and also increases the quantity of disk-shaped splats at pressures larger than that corresponding to P t in air. The impact pressure can be very high (few thousands of MPa): larger than the classic water hammer pressure q p AE c l AE v d , where c l is the sound velocity in the liquid phase, q p the mass density of the impacting droplet, and v d the droplet velocity at impact. The high pressure region extends over a radius r m much smaller than the final splat radius. The contact pressure spreads out and dissipates quickly with droplet flattening. At the periphery, the impact pressure may not be enough to overcome the capillary pressure required to force liquid into the crevices between asperities on the surface and contact between the flattening particle and the substrate can become very poor in this zone. Around the impact point, over an area of radius r m , the impact pressure will always be enough to force liquid into surface crevices and thus the adhesion in this zone will be good.
When a molten droplet contacts a rough, solid surface, air is trapped in crevices at the liquid-solid interface, creating a temperature difference between the molten metal and the substrate, whose value depends on surface finish, contact pressure, and material properties. To quantify the magnitude of this effect, the thermal contact resistance (R c ) is defined as the temperature difference between the droplet (T d ) and substrate (T s ) divided by the heat flux (q 00 ) between the two.
Although in general R c can vary with both time and location, it is usually assumed to be constant for simplicity. Thermal contact resistance values have been measured directly under millimeter-sized droplets of molten metal impacting on flat surfaces by measuring either the splat surface temperature variation using an optical pyrometer plasma-sprayed molybdenum and yttria-stabilized zirconia particles onto glass and Inconel 625 substrates held at either room temperature or 400°C. Samples of Inconel 625 were also preheated for 3 h, and then air-cooled to room temperature before spraying. A rapid two-color pyrometer was used to collect thermal radiation from the particles during flight and spreading and determine the cooling rate of spreading particles. An analytical heat conduction model was developed to calculate the thermal contact resistance at the interface of the plasma-sprayed particles and the substrates. The analysis showed that thermal contact resistance between the heated or preheated surfaces and the splats was more than an order of magnitude smaller than that on nonheated surfaces held at room temperature. As seen in Table 3 , particles impacting on the heated or preheated surfaces had cooling rates that were significantly larger than those on surfaces held at room temperature, which was attributed to smaller thermal contact resistance.
Due to the very high cooling rates during particle flattening (more than 10 8 K/s at the very beginning of the cooling process when contact between the droplet and substrate is good), the droplet undergoes hypercooling, generally resulting in heterogeneous nucleation starting at contact with the underlying material.
Fukumoto et al. (Ref 28) have raised the question ÔÔwhy
and how the splashing occurs on the cold substrate surface?'' Possible reasons that have been proposed include rapid solidification at the bottom surface of the splat, the presence of adsorbates and condensates on the substrate surface and poor substrate surface wettability.
Desorbtion of Adsorbates and
Condensates. When a hot particle lands on a cold surface, adsorbates and condensates vaporize rapidly, creating high pressure under the spreading liquid and preventing good contact, except in the area at the center of the particle, where the impact pressure is very high. Thus, the liquid spreads to its maximum extent (see ''Examples of New Results Obtained at Impact'' section), forming a very thin lamella. Then, the liquid portion of the flattened droplet begins to disintegrate, initially from the solidified central core and later, from sites within the liquid film sometimes small holes are observed even in the central part of the splat, where contact between the splat and substrate is good, which are caused by vaporized adsorbates bursting through the liquid and escaping (Ref 4, 60, 62, 67, 68) .
To ensure that the pretreatment used to remove adsorbates from the substrate surface does not modify it (by changing in oxide layer thickness, composition, or roughness) one can either lower the pressure, or clean the Fig. 16 . Twenty-fours after heating, a high fraction of disk splats was obtained. After 50 h or more the fraction of disk splats began to decrease. Finally, the fraction of disk splats decreased to <50% over 72 h and more. As expected, R a and S K did not change, regardless of the elapsed time. However, Cedelle et al. (Ref 25) have shown that on the same substrates, Ni and YSZ particles still produced disk-shaped splats after 1 h had elapsed between preheating and cooling and their cooling rate was reduced by about 40%.
To check the effect of delaying solidification, alumina particles were sprayed on a polished alumina substrate preheated at 1800 K. Splats sprayed at 100 m/s with a mean temperature of 3000 K were almost disk shaped but their diameter was about twice that obtained when preheating the alumina substrate over the transition temperature (Ref 33) . In this case, particle flattening is probably completed before solidification occurred, but unlike the case of a cold substrate, the contact between the liquid and substrate is good. However, when the impact velocity was increased up to 300 m/s the splat was fingered. This was probably due to solidification starting before flattening is completed.
3. The laser treatment effect shows that, when laser energy density is limited to that necessary to just remove adsorbates and condensates on TA6V substrates, the copper splats are mostly disk shaped.
Substrate Surface Modifications.
When metal surfaces are preheated over the transition temperature ( Ref 4, 5, 10, 13, 25, 26, 30, 37, 38, 40, 43, 52, 56, [60] [61] [62] [63] [64] [65] [66] or treated with laser energy densities high enough to modify the oxide layer (Ref 17, 20, 58) , the surface is changed. In addition to desorbtion of adsorbates, the oxide layer composition, thickness and roughness is modified. The net result is generally the formation of disk-shaped splats with higher cooling rates (or lower thermal contact resistance) and higher spreading velocity (better wetting of the substrate by the flattening droplet) than those collected on cold substrates (see ''Examples of New Results Obtained at Impact'' section). The question is, which of these parameters is most influential in determining splat shape?
The work of Cedelle et al. (Ref 25) has shown that having positive S K on a preheated AISI 304 substrate improves the static wetting of copper. When Ni and YSZ particles are sprayed on such a substrate their flattening time is reduced and their cooling rate is faster compared to a substrate that has not been preheated. Thus, S K modification, together with desorbtion of adsorbates, probably controls these phenomena. Such a conclusion is In spite of several experimental investigations, questions about splat formation remain, because most experimental results are incomplete: often the substrate oxide analysis is not given, or cooling rate and/or flattening velocity or time are missing and so on.
Another observation, which has to be explained, is that droplets splash on substrates preheated over T t when impact Reynolds number is very high. The resulting splats being thinner than those obtained with lower Re, such splashing may be explained by solidification starting around the periphery of the spreading droplet before flattening is complete, so that the outward flowing liquid jets over the top of the solid layer, becomes unstable and breaks-up. With lower impact velocities, the liquid will not have enough kinetic energy to jet over the solid barrier and will not splash.
Contact
Between Splat and Substrate. Several questions must now be addressed: how does the splat adhere onto the substrate? How can there be continuity between materials (splat and oxide layer at substrate surface, for example) with different crystallographic structures? Does good wetting and high pressure allow liquid to filling all the crevices in the surface at the nanoscale, creating mechanical adhesion? Can diffusion occur in such short times (a few microseconds)? Is a chemical reaction possible between the impacting droplet and substrate? Unfortunately, only a very few answers exist and much more research is still necessary, requiring careful studies of interfaces.
Alumina particles were sprayed onto alumina polished (R a % 0.4 lm) plasma-sprayed coatings (Ref 69) . The latter were either as-sprayed (with more than 99 wt.% of c phase) or preheated at 1373 K at a rate of 5 K/min, annealed for 6 h and cooled at a rate of 5 K/min resulting in a 100% a-columnar structure. Some were also preheated to 1873 K with a temperature ramp of 5 K/min, annealed for 3 h, and cooled at a rate of 5 K/min resulting in a-granular structure with grains between 3 and 5 lm. On the c-alumina substrate alumina splats (c phase) exhibited columnar and regular structure~100-150 nm; the adhesion of the alumina coating (300 lm thick) obtained on this smooth substrate was 35 ± 3 MPa! On the columnar a-alumina substrate splats (c phase) got columnar and irregular structure~150-300 nm; the adhesion of the coating was only 3 ± 1 MPa. On the a-alumina substrate with a granular structure splats (c phase) achieved a very irregular structure~100-400 nm, and splats had the tendency to peel off so that it was impossible to achieve any coating.
It has been shown that the preoxidation of smooth (R a < 0.05 lm) low carbon steel substrates in a furnace under a CO 2 rich atmosphere at atmospheric pressure allows the formation of a wü stite (Fe 1Àx O) layer which improves significantly the adhesion (>55 MPa) of alumina coatings in spite of the rather low roughness (0.10 lm < R a < 1.00 lm) of the oxidized surface (Ref 70 ). It appears that plasma preheating of steel samples did not modify the morphology of the preoxidized wü stite layer formed (R a % 0.2 lm). In spite of maintaining the surface condition, part of the wü stite scale, very probably the most superficial one, is oxidized into magnetite (Ref 71) . This has already been observed on wü stite and it corresponds to a topotactic phase transformation. This change of composition is liable to occur even inside a grain, so that it may have no harmful consequence on the cohesion of the iron oxide scale. The presence of metastable c-Al 2 O 3 together with a-Al 2 O 3 was somewhat surprising, because the former phase is generally the only one observed under the spraying conditions used. It is possible that the c alumina phase was localized in direct contact with magnetite, as far as they have the same crystallographic structure (spinel) with lattice parameters rather close to 0.793 nm for alumina instead of 0.839 nm for magnetite 0.834 nm for lacunars magnetite. If such an assumption could be verified, it could explain the good adherence of the coating. Indeed, in these conditions, a steel substrate and the wü stite phase, then between the latter and magnetite (topotactic transformation), and finally between the magnetite and c alumina (epitaxial relationship). This might justify a physical adhesion, and perhaps also a chemical one if a chemical reaction occurs between both spinel phases, which in principle could form mixed oxides.
For example, with a polished Ti-6Al-4V substrate, the presence of alumina diffusing to the substrate surface upon preheating at 400°C produces excellent adhesion (48 ± 12 MPa) of the sprayed alumina coating. This is probably due to the chemical continuity at the interface substrate-coating with the presence of alumina at the surface of Ti-6Al-4V substrate (Ref 5) .
Plasma enhanced chemical vapor deposition (PECVD) has been used to deposit thin (2 lm) alumina coatings on Ti-6Al-4V substrates (Ref 11, 69, 72) . Coatings were achieved by introducing a mixture of 6 vol.% TMA (trimethyl-aluminum) in argon in the afterglow of an oxygen microwave discharge (P = 1600 W). When spraying alumina on the PECVD coated surface, preheated at 300°C, splats exhibited porous morphology, as shown in Fig. 17 . In spite of that, adhesion of the APS coating on a polished Ti-6Al-4V substrate covered by a 2-lm thick PECVD coating is excellent: more than 60 MPa. When decreasing the PECVD film thickness from 2 lm to 200 nm, a ''normal'' dense morphology was found. This effect can perhaps be linked to the thermal conductivity of the alumina film and the presence of gases coming from the PECVD process, which have not been completely eliminated upon preheating. They can induce out-gassing during the impact. The poor thermal conductivity of the alumina film decreases the rate of solidification and the splat remains liquid.
The 20-to 30-nm thick TGO layer developed during preheating of hot stainless steel substrates is assumed to improve both the YSZ liquid wetting and the formation of chemical bonds between the splat and the substrate (Ref 5). The interface oxide layer is composed of elements from both the ceramic splat (Zr) and the substrate (Cr, Fe), as determined by EDS using a sufficiently small beam spot size. When thicker oxide layers are formed with preheating at higher temperatures, the adhesion diminishes. The oxide layer on the surface of a cold substrate is probably only a couple of atomic layers thick, and is therefore far less significant than that of the hot substrate.
4.4.5 Impact on Inclined Substrates. On stainless steel, copper and a few other polished substrates (R a < 0.1 lm) preheated over the transition temperature, when the spray angle increases from 0°to 75°, splats have an elliptical shape, the ratio of the major to the minor axes increasing when the spray angle increases (Ref 49, 67, [73] [74] [75] [76] . For different materials (alumina, zirconia, titania, Al, Ni, Astroloy, and Cu), the relationship between the major and minor axes shows a strong linearity over a wide range of splat sizes. This observation implies that the elongation factor (EF) does not depend on particle diameter and impact velocity but only on spray angle. The splat thickness increases slightly along the inclined surface and it becomes progressively thicker in the direction of the inclined surface when the spray angle increases. This probably explains why, when the spray angle exceeds a critical value that depends on the sprayed and substrate materials, splashing occurs in the inclination direction. On cold substrates splats are extensively fingered, especially in the substrate inclination direction.
Substrate Melting During Impact
Molybdenum particles impinging on stainless steel melt the substrate locally, because the effusivity of the particles is larger than that of substrate (Ref 68, 77) . Melting occurs on both cold and hot substrates. The melted crater on the substrate surface alters the flow direction of the droplet fluid and tends to form a free liquid detaching from the substrate surface (see Fig. 18a ). Splats have a central part surrounded by other fragments as shown in Fig. 19 for substrates heated to (a) 200°C and (b) 400°C. The pieces along the outer periphery are produced by jetting, while those close to the center result from cracking of the central part with the detached pieces floating on a pool of liquid stainless steel (see Fig. 18b ).
When spraying cast iron particles onto an aluminum alloy substrate preheated at 473 K, the temperature at impact exceeds the melting point of the substrate material. It leads to partial surface melting upon impact (Ref 67), and mutual diffusion occurs at the interface, which promotes the thin oxide layer formation of FeAl 2 O 4 . The interface formation can be considered to be a kind of mechanical bond, which also improves the adhesion property of splats. This observation demonstrates the importance of the first deposited layer in the adhesion property of coatings.
Impact on Rough Substrates
Most phenomena occurring when particles impact on rough surfaces normal to their trajectory have been described in the review of The spreading of the droplet is limited by surface irregularities, resulting in smaller and thicker splats (slower cooling), as well as an important flattening splashing behavior and a poorer contact than on smooth substrates. It is also much more difficult to The roughness size must be adapted to the sprayed particle mean size.
Preheating the substrate over the transition temperature usually improves the coating adhesion by a factor between 2 and 4. The most probable reason is the desorbtion of adsorbates and condensates.
However, it must be underlined that in all these works substrate roughness was achieved by grit blasting and characterized only by the average value R a which gives no information about the spacing between peaks and valleys.
Shinoda et al. (Ref 79 ) conducted an experimental study in which the surface roughness was artificially created and could be well characterized. Micropatterns were fabricated on quartz glass substrates by photolithography followed by wet etching. Four micropatterns were used as substrates: (a) a line-and-space pattern (L/S), (b) a pillar pattern in a tetragonal array (grid), (c) a pole pattern in a triangular array representative of a convex pattern (obstacle), and (d) a dimple pattern in a triangular array representative of a concave pattern (dimple). While the characteristic depths/heights of these patterns, z, were kept at~1 lm, the areas of concavity and convexity of each pattern were designed to be identical except for the grid pattern. The arithmetic mean roughness of these patterns hence corresponded to R a = 0.5 lm. The spacing of these patterns, x, was varied from 4 to 20 lm. The anisotropic deformation of molten alumina droplets (sieved through a 35-to 65-lm mesh), sprayed with hybrid plasma, was observed on these substrates preheated at 700 K. Splats elongated in the direction perpendicular to the lines on the L/S pattern, and the degree of elongation tended to increase with the increase in the normalized pattern spacing ranging from 0.1 to 0.3. In addition, air was entrapped in each splat off-center by 1.5 times the radius of the droplet, regardless of the type, size, and pattern layout. This indicates that the air entrapment in the outer region of a splat on a rough substrate is inevitable under plasma spray conditions. Droplet spread, as already indicated in the review (Ref 10), can be affected by a roughness as small as R a = 0.5 lm, indicating the importance of controlling the surface roughness of a substrate on the micrometer scale in plasma spraying. These interesting findings led the authors to make the following recommendations:
The size of the surface pattern with a normalized pattern spacing of less than 0.1 would be a favorable pattern for preventing the fingering of splats.
Second, convex patterns such as the grid pattern should be preferred to concave patterns.
Last, the heights of obstacles also influence the fingering of splats. In the case of grid pattern, the heights of pillars less than half the splat thickness will be best to reduce fingering. The critical height of the obstacle for splashing depends not only on spreading lamella thickness, but also on the velocity along a horizontal surface, and the threshold of the height will be smaller under d.c. plasma spraying conditions, whose impact velocities are higher than in hybrid plasmas.
Splat Morphologies
Splat/coating formation is a highly nonequilibrium process resulting in fine microstructure, generally different from those of conventional materials. The fine microstructure, often columnar at the nanoscale (few hundreds of nanometers), results from the fundamental physical principles governing under-cooling, nucleation, nonequilibrium solidification, and microstructure formation. The large under-cooling rates (10 À6 -10 À9 K/s), achieved during splat formation, control nucleation, which is mostly heterogeneous and starts on the substrate surface. have developed 1D models to study the under-cooling, heterogeneous nucleation, nonequilibrium solidification, and microstructure formation during splat cooling in plasma spraying conditions. The first splats formed on the substrate undergo a significant degree of under-cooling prior to nucleation and the nucleation temperature and grain size distribution strongly depend on contact angle. Moreover, when the liquid can solidify in different phases, the contact angle between substrate and nucleus determines which one is actually obtained.
Unfortunately from a practical point of view, the contact angle is generally unknown. One way to determine it is to vary it in the nucleation model and compare the column size distributions calculated to that measured on the splats experimentally obtained. This has been done for alumina splats collected on stainless steel (preheated over the transition temperature to get rid of adsorbates and condensates) and alumina (preheated sufficiently to obtain a alumina splats). For c columnar alumina splats matching between calculated and measured size distributions was obtained for h > 48°, while for a columnar alumina splats matching was found for h < 40°(Ref 82).
The substrate crystallographic structure seems also to play a role (see ''Three-Dimensional Transition Curve in Thermal Spray Process'' section and (Ref 83) devoted to alumina splats sprayed on alumina substrates with different phases: c columnar, a columnar, and a granular).
The importance of the continuity of the crystalline structure between splats and substrate seems to be con- 
Modeling
First Instant of Impact: Wave Propagation and Impact Splashing
A liquid droplet, not subjected to external forces, remains spherical so as to minimize the surface area, and thereby its surface energy. As it approaches a solid surface, the pressure in the air separating the droplet and substrate increases, deforming the bottom of the droplet and creating a small depression in which an air bubble may be trapped (Ref 85) . Once the drop hits the surface, the pressure in the liquid near the substrate rises very rapidly as it is compressed by a shock wave originating from the point of impact. If the liquid is considered to be compressible, an estimate of the impact pressure is given by the water hammer pressure, qc l v d . For typical thermal spray particles, the Mach number (Ma = v d /c l ) is much less than 1, since impact speeds are much less than the speed of sound in solids (c~3000 m/s), and compressibility effects are not significant (Ref 32) . Impact models generally assume the liquid to be incompressible.
Particle Impact and Deformation
To relieve the heightened pressure at the point of impact the liquid begins to jet out in the form of a thin sheet. The tip of the sheet emerges from under the droplet with very high radial velocity, which decreases with time, varying as t 1/2 (Ref 86) . If the droplet remains intact during spreading, it flattens and forms a splat shaped like a thin circular disk. Several models have been developed to predict the maximum size of such a splat (Ref 10).
Splashing
The edge of the sheet is rapidly decelerating and becomes unstable, possibly due to Rayleigh-Taylor instability (Ref 87) . Periodically undulating waves begin to grow around the periphery of the spreading liquid lamella that grow into longer fingers and finally detach in the form of small satellite droplets. This detachment may commence very early during impact, while the lamella is still spreading when it is referred to as ''prompt splashing'' (Ref 88). More satellite drops may detach much later during droplet impact, when the droplet has fully flattened into a thin liquid sheet, or when it has already started to recoil. Only a small fraction of the material in the droplets initially is lost in the satellite droplets.
The first experimental study of droplet fingering and splashing-in the absence of solidification-was published over a century ago by Worthington (Ref 89) . Worthington observed that the number of fingers increased with droplet size and impact speed; observed merging of the fingers at or soon after the maximum spread; and found fingering to be more pronounced for fluids that did not wet the substrate. (Ref 33) showed that the detachment of satellite droplets depends on a number of factors besides We and Re, including particle temperature, substrate temperature, and angle of impact. Fukumoto et al. (Ref 93) proposed a modified impact parameter, which include information about substrate temperature and particle velocity, to predict when splashing would occur.
Numerical Modeling
Since it is very difficult to observe directly particle impact, spread, and solidification, numerical models have been used to simulate impact dynamics. Most of the initial models were two-dimensional (2D), modeling normal impact on a flat surface, assuming axial symmetry. Pasandideh-Fard and Mostaghimi (Ref 99) incorporated the effect of thermal contact resistance between the droplet and the substrate and showed that its magnitude could have a significant effect on droplet spreading and solidification. Solidification and heat transfer within the substrate was modeled assuming 1D heat conduction. The model was later extended and a fully 2D axisymmetric model of droplet impact was developed (Ref 54) with which impact and solidification of millimeter-sized tin droplets were studied both numerically and experimentally. Thermal contact resistance was treated as an experimental parameter, whose value was estimated by fitting numerical predictions of substrate temperature with experimental measurements. Though thermal contact resistance can, and does, vary with both position under the splat and time from the instant of impact, it was shown that reasonably accurate simulations of the impact could be done using a constant value. Impact dynamics were found to be sensitive to the value of thermal contact resistance.
Two-dimensional models are adequate for simulating axisymmetric impact of droplets landing normally on a flat surface. In reality, few impacts meet this description. Droplets may land at an incline to the substrate, interact with previously deposited splats, or the liquid-solid contact may become unstable and wavy. 90, 91) . The influence of the surrounding gas was neglected in the model, the liquid assumed incompressible and fluid flow modeled as being Newtonian and laminar. At the liquid free surface, LaplaceÕs equation specifies the surface tension-induced jump in the normal stress across the interface, while tangential stresses were neglected. The fluid in contact with the solid substrate was subject to no-slip and no-penetration boundary conditions. At the contact line, where solid, liquid and gas phases meet, the wettability of the solid surface is described by specifying the contact angle liquid-solid, h, whose value may be a function of the contact line speed. Solidification is assumed to occur at the melting temperature and viscous dissipation is neglected. Densities of liquid and solid are assumed constant and equal to each other. Momentum and energy conservation equations are discretized according to typical finite volume conventions on a rectilinear grid and solved using a two-step projection method, in which a time discretization of the momentum equation The effect of varying surface roughness on droplet impact has proved difficult to model, since the scale of surface protrusions is typically much smaller than the resolution of the computational grid. As an idealization, the impact of a thermal spray particle onto a substrate on which micron sized, regularly spaced arrays of posts were present (Ref 110) . Comparison with experiments (Ref 111) showed that impact dynamics could be accurately simulated. Surface roughness was found to have little effect if there was no solidification during impact-the principal effect of increasing roughness was to increase thermal contact resistance between the substrate and droplet, and thereby to reduce the solidification rate.
Numerical Simulations of Thermal Spray
Particle Impact
Numerical codes can simulate fluid flow and heat transfer during particle impact quite accurately. The biggest obstacle in applying such simulations to real spray processes arises from the difficulty in quantitatively describing the interface between the splat and substrate. Contaminants on the surface, oxide layers and variations in roughness and microstructure can all affect heat transfer and wettability in ways that cannot be predicted a priori. The interface is defined in models only by specifying values of the thermal contact resistance (R c ) and liquidsolid contact angle (h). The value of the contact does not strongly affect impact dynamics while the droplet is spreading outwards, since flow is very strongly driven by fluid inertia. However, once the droplet has reached its maximum extent, and if it is still liquid, fluid motion during droplet retraction or break-up is sensitive to contact angle. The value of thermal contact resistance is very important, since changes to the surface produced by heating during thermal spraying can change R c by orders of magnitude (Ref 38) .
Numerical models were used by Pasandideh-Fard et al. (Ref 103) to model the splashing of an impacting nickel particle. Figure 20 shows a sequence of computer generated images showing successive stages of the impact of a 60-lm diameter nickel particle, at a temperature of 1600°C (150°C above the melting point of nickel) on a stainless steel substrate initially at 290°C. Thermal contact resistance between the droplet and the substrate was assumed to be low, equal to 10 À7 m 2 K/W. Immediately after impact liquid jetted out from under the drop and spread in the radial direction, but solidification was fast enough that all the portion of the droplet in contact with the substrate had frozen by t = 0.5 ls. When the bottom layer of liquid solidified, the remaining liquid jetted out over the periphery of the solid layer (Fig. 20 after 0.8 ls) . Because of small variations in the liquid velocity around the periphery of the drop a fluid instability was created, leading to the formations of fingers of liquid around the drop that grew larger and detached to form small satellite droplets.
Simulations in which substrate temperature was increased from 290 to 400°C produced little change in the impact process, since the droplet temperature was so high that this relatively small change in substrate temperature did not reduce heat transfer significantly. However, increasing thermal contact resistance delayed the onset of solidification until the droplet had finished spreading. Figure 21 shows simulations with all parameters the same as those in Fig. 20 , except that substrate temperature was raised to 400°C and thermal contact resistance was increased by an order of magnitude, to R c = 10 À6 m 2 K/W. In this case, the droplet spread completely before a significant amount of solidification occurred, and the flow was not destabilized by the solid layer, leaving a diskshaped splat, looking much like those observed experimentally on surfaces above the transition temperature.
Fauchais et al. (Ref 10) pointed out that these results from models appear to contradict experimental Fig. 20 Simulations showing the impact of a 60-lm diameter molten nickel particle at 1600°C landing with a velocity of 73 m/s on a stainless steel plate initially at a temperature of 290°C. The contact resistance at the substrate surface was assumed to be 10 À7 m 2 K/W (Ref 103) observation, where splashing occurs when the contact resistance was high, not when it was low, as in these simulations. McDonald et al. (Ref 37) photographed the impact of plasma-sprayed molybdenum particles on a glass slide held either at room temperature or at 400°C. On nonheated glass thermal contact resistance was very high (R c = 5.0 ± 0.5 9 10 À5 m 2 K/W) and particles spread into thin sheets that disintegrated, with perforations starting at random sites within the sheet. On glass held at 400°C, R c was much lower (6.5 ± 1.0 9 10 À7 m 2 K/W) and there was no break-up so that a small, disk-like splat remained on the surface. It was suggested that a gas barrier separated the splat from the nonheated glass, reducing contact and reducing the splat cooling rate so that the splat remain a liquid longer.
To simulate these results McDonald et al. (Ref 112) specified a spatially varying thermal contact resistance between the molybdenum splat and glass held at room temperature in a 3D numerical model. Figure 22 shows the images generated by the numerical model for a particle with a 50-lm diameter, in-flight temperature of 2950°C, and impact velocity of 130 m/s. The figure also shows photographs of different splats captured at specific times after impact (Ref 110) . A thermal contact resistance of 1.0 9 10 À7 m 2 K/W was specified for the splat central core in contact with the glass. The diameter of the central core was measured from images of the splat after spreading, fragmentation, and solidification. Under the rest of the splat, a thermal contact resistance of 5.0 9 10 À5 m 2 K/W was specified, based on the result of the 1D heat conduction model (Ref 40) for this particle.
The results from the numerical simulation (Fig. 22b) show that as the splat spreads, it fragments from the solidified central core. Since the thermal contact resistance in the central core is small (1.0 9 10 À7 m 2 K/W) compared to the rest of the splat, it solidifies faster and remains attached to the substrate. The rest of the splat, in liquid form, continues to spread and disintegrate. Finally, a central solidified core is left on the substrate, surrounded by a ring of debris. The numerical simulations agree qualitatively with experimental observations (Fig. 22a) .
These numerical simulations demonstrate that there are two, entirely different, mechanisms by which a particle can fragment during impact. If the thermal contact resistance under the splat is very low, and cooling is very rapid, it begins to solidify as it spreads. The solid layer obstructs and destabilizes the flow of liquid, leading to fingers being formed around its edges (Fig. 20) . At the other extreme, if contact resistance is very high, the particle remains liquid and spreads into a very tin film that ruptures internally (Fig. 22) . In this case the splat is also fragmented, but its shape is different, appearing as a small central core surrounded by a ring. Disk-shaped splats are formed if the value of thermal contact resistance lies between these two extremes, so solidification starts after the particle has already flattened out and does not obstruct the liquid flowing outwards, but is still sufficiently rapid to prevent the splat from spreading so thin that it ruptures internally. 
Understanding Splat Formation
Different Splat Break-up Modes
Molten thermal spray particles impacting on a solid surface may either fragment, which has been referred to as ''splashing,'' or remain intact and form a disk-shaped splat. The use of the term ''splashing'' may be misleading, since break-up may be due to one of two entirely different mechanisms, neither of which is similar to the splashing of a droplet landing on a thin sheet of liquid, which is the scenario for which the splash parameter was developed (Ref 92) . The two ways in which fragmented splats may be produced are as follows.
6.1.1 Splat Fragmentation. Any adsorbates or condensates on the substrate vaporize as soon as a hot thermal spray particle lands on the surface. The vapor film prevents both good physical and thermal contact between the splat and substrate, so that thermal contact resistance is high and the particle is not strongly restrained by frictional forces as it spreads out into a thin sheet. The center of the splat, where the particle first impacted on the surface and contact was good because of the high impact pressure, is the only portion that remains strongly bonded to the substrate. The images of Fig. 22 show a molten molybdenum particle landing on a glass surface at room temperature. The droplet flattens out, spreading to a maximum extent within~1 ls after impact. After this time, the liquid portion of the splats begins to disintegrate, initially from the solidified central core and later from sites within the liquid sheet. The darker portions of the splats represent the intact fluid; the lighter areas represent holes within the liquid sheet, exposing the glass surface. After~4 ls, the splats are almost totally disintegrated and only a central solidified core remains on the surface. McDonald et al. (Ref 40) estimated the thermal contact resistance to be of the order of 10 À5 m 2 K/W, supporting the hypothesis of poor splat-substrate contact due to a thin gas barrier under the splat created by the vaporization of adsorbed matter on the substrate surface.
Thin liquid sheets on a solid surface may rupture in one of two ways: through formation and growth of internal holes or by wave-like disturbances along their edges (Ref 113) . High surface tension and high-density liquids, such as molten metals or ceramics, are most likely to rupture due to the creation of holes in the liquid by solid particles or protrusions on the substrate, or due to air bubbles in the liquid; any protuberance or bubble greater than the sheet thickness (~0.5 lm) would be sufficient to puncture it. Figure 22 shows that after the splat has reached its maximum extent it begins to rupture internally, rather than at its edges. In fact, the edge remained intact until fairly late. Finally, only the central portion of the splat, which impacted the substrate with high velocity, remained attached while the remaining material, which made poor contact with the glass surface, flew off. On metal substrates the edge of the splat, which solidifies first, remains attached, producing the characteristic splat shapes seen on cold surfaces with a central core surrounded by a ring.
A thin liquid film on a surface will not rupture spontaneously: a hole has to be initiated in it. Once a hole is created it may either grow or close again, depending on the values of the film thickness, liquid-solid contact angle, and the initial hole diameter (Ref 114) . The greater the impact Reynolds number, the larger the spread diameter of the particle and the thinner the splat formed. The tendency of a hole to expand increases as the film thickness decreases, as the liquid-solid contact angle increases, and as the initial hole formed becomes larger (Ref 115).
Sharma and Ruckenstein (Ref 115) developed a stability analysis to predict the stability of a thin liquid layer on a solid surface. If the film is punctured with a hole that has radius r 1 at the lower surface in contact with the solid substrate and r 2 on the upper surface in contact with air, so that a meniscus with surface area S is created, the free energy change is:
The stability of the film depends on the magnitude of DF: if DF < 0, the hole reduces the energy of the film and will grow; if DF > 0, the hole will spontaneously close and the film will remain intact. Therefore, for film stability we require S to be larger than the other terms on the right hand of the equation. Sharma and Ruckenstein (Ref 115) derived an expression for the surface area S of the liquid meniscus by solving the Young-Laplace equation of capillarity and found an explicit expression for DF. In general, S is large when h approaches either 0°or 180°. Both high and low contact angles produce a meniscus with large surface area when a hole is created in the liquid film. The large surface energy associated with this exposed area will inhibit further expansion of the hole, making it close. In contrast, intermediate contact angles (h~90°) produce a meniscus with small surface area, rendering such a hole energetically favorable and making it grow. Very large values of h also result in large S, and such holes will not grow.
The greater the impact Reynolds number, the larger the spread diameter of the particle and the thinner the splat formed. Dhiman (Ref 116) , which is typically true in plasma spraying, would result in the splat rupturing.
6.1.2 Freezing-Induced Breakup. If heat transfer from the spreading droplet to the substrate is rapid, the rate of solidification in the droplet becomes sufficiently fast that its edges begin to freeze and form a solid ring while liquid is still flowing radially outwards. If the liquid has enough momentum it jets over the solid layer, becomes unstable and breaks into small fragments, a mechanism that has been termed freezing-induced splashing (Ref 42) . The rate of solidification depends on many parameters, including thermal contact resistance, substrate temperature, and droplet melting temperature. Figure 20 shows an example of a simulation of such a break-up.
Splats resulting from freezing-induced splashing are different in appearance from those that fragmented during impact. The former are surrounded by long, radially projecting fingers whereas the latter consist of a central core surrounded by a ring of fragments.
6.1.3 Disk Splat Formation. Particle fragmentation (resulting from low solidification rate) and freezinginduced splashing (high solidification rate) represent the two limiting conditions of very high and very low contact resistance. In between these two extreme cases, there is a range of impact conditions that will produce disk splats. When solidification of the splat is sufficiently fast to prevent it from spreading into a thin sheet and rupturing internally (as in Fig. 22 ), but not so rapid that the outward liquid flow jets over the solid layer and becomes unstable (as in Fig. 20) , it will form a circular disk-shaped splat, as shown in the simulations of Fig. 21 .
Predicting Splat Shape
Dhiman et al. (Ref 117) proposed a single parameter to estimate the importance of freezing during solidification and predict the likelihood of splat break-up. When a molten droplet lands on a solid surface it spreads into a thin splat of uniform thickness h. If the substrate is at a temperature lower than the melting point of the droplet a solid layer of thickness s grows in it during the time it takes to reach its maximum spread. The solidification parameter (H) is defined as the ratio of the solid layer thickness to splat thickness. Dhiman et al. (Ref 117) developed an analytical expression to calculate the value of H as a function of the dimensionless parameters Re, We, Ste, Pe, and Bi. The magnitude of H can be used to predict what the final shape of the splat will be, and what the mechanism of break-up, if it occurs, is. Three outcomes are possible during spreading:
1. If the solid layer is very thin (s < < h, or H < < 1), it will have no effect on spreading. The splat will spread into a thin sheet liquid and rupture internally. This will lead to extensive fragmentation, producing a small central splat surrounded by a ring of debris. 2. If the solid layer grows by a significant amount during spreading (s~0.1h to 0.3h, or H~0.1-0.3), it will restrain the splat from spreading too far and becoming thin enough to rupture. In this case, a disk-type shape will be produced. 3. If solidification is very rapid (s~h, or H~1), the solid layer will obstruct the outward spreading liquid. A splat with fingers radiating out from its periphery will be produced.
Comparison with experimental photographs (Ref 117) showed the value of the solidification parameter gave a reasonably accurate method of predicting the shape of the final splat. Figure 24 shows photographs of splats taken both during and after impact, illustrating the three different modes of splat impact. In Fig. 24(a) , for molybdenum and nickel particles landing on substrates at room temperature, thermal contact resistance was high (~10 À5 m 2 K/W) and H~0.01. The splats spread into a thin film that ruptured internally and fragmented. The final splats all showed a central portion at the point of impact that adhered strongly to the substrate, surrounded by a ring.
Raising the substrate temperature reduced the thermal contact resistance by an order of magnitude, since it evaporated adsorbed contaminants on the surface. Figure 24 (b) shows impact of zirconia and nickel particles on surfaces heated to 400°C which had R c~1 0 À6 m 2 K/ W and correspondingly H~0.1. Solidification occurred near the end of droplet flattening, when the spreading liquid did not have enough momentum to jet over the solid rim and instead came to rest forming a circular splat with smooth edges.
If H was increased further (H~0.4, see Fig. 24c ), solid layer growth was sufficiently rapid to obstruct flow of liquid early during spreading. The liquid had enough momentum that it jetted outward, producing fingers radiating out from the central splat. For nickel particles spreading on a steel substrate oxidized by heating to 640°C (Fig. 24c ) the splat was intact, and smooth at the center, where solidification was slow. The edges, which solidified very rapidly, have a rough surface since surface tension did not have time to level irregularities before solidification occurred. Molybdenum splats on a glass surface heated to 400°C also have fingers radiating out.
Conclusions
The shape of a splat formed by the impact of a molten thermal spray particle on a solid substrate depends on fluid flow and heat transfer during droplet deformation. The condition of the substrate surface determines the rate of heat transfer and the motion of the liquid-solid contact line. The parameters used to describe the splat-substrate interface are the thermal contact resistance and the liquidsolid contact angle. The contact resistance quantifies changes in the area across which heat transfer occurs, which may be due to changes in surface roughness and chemistry, or the presence of contaminants on the surface.
The contact angle describes the wettability of the substrate, which determines whether ruptures initiated in the thin liquid film formed by the flattened droplet will expand or close.
Preheating or laser treatment of glass or ceramic substrates results in desorption of adsorbates and condensates if a sufficiently high temperature is reached, but it does not modify surface chemistry and roughness. Conversely, preheating or laser treatment of metal or cermet substrates, in addition to desorption of contaminants, modifies the oxide layer thickness, composition and roughness, parameters which may play a key role in altering liquid droplet-substrate wettability, thermal contact, and mechanical resistance. Unfortunately, these important phenomena are very seldom taken into account to explain and/or model splat formation. Moreover, in most cases, all calculations are performed assuming thermodynamic equilibrium (that is, solidification takes place at the melting temperature) while nucleation phenomena should be introduced. Even more, to better represent reality, the crystallographic state of the substrate or previously deposited layers should be considered. Of course these phenomena add a lot of complexity to calculations that are already rather difficult and require simplifying assumptions.
A splat may fragment during impact or may remain intact, solidifying in the shape of a disk. There are two entirely different mechanisms that lead to splat break-up, which may occur when solidification is either very slow or very rapid. If splats do not freeze during impact they disintegrate when the liquid sheet formed by the spreading droplet ruptures internally, producing splats with a small central core surrounded by an annular ring. If solidification is very rapid the solid layer formed around the edges of splats obstructs liquid flow and triggers splashing. The splats formed have fingers radiating out from a larger central portion. In between these two extremes, we obtain round disk splats with no evidence of splashing.
To predict what splat shape is likely for a given set of impact conditions, a dimensionless parameter (H) is defined as the ratio of the solid layer thickness formed during droplet spreading to the splat thickness. If solidification is negligible (H ( 1), the splat spreads into a thin sheet liquid and fragments. If the solid layer grows by a significant amount during spreading (H~0.1-0.3), it restrains the splat from spreading and becoming thin enough to rupture, and produces a disk-type splat. If solidification is very rapid (H > 0.3), a solid ring forms around the edges of the spreading droplet that obstructs the outward flowing liquid and destabilizes it, resulting in a splat with fingers radiating out from its periphery.
